Graves disease is an autoimmune thyroid disease characterized by the presence of antibodies against the thyrotropin receptor (TSHR), which stimulate the thyroid to cause hyperthyroidism and/or goiter. By immunizing mice with fibroblasts transfected with both the human TSHR and a major histocompatibility complex class II molecule, but not by either alone, we have induced immune hyperthyroidism that has the major humoral and histological features of Graves disease: stimulating TSHR antibodies, thyrotropin binding inhibiting immunoglobulins, which are different from the stimulating TSHR antibodies, increased thyroid hormone levels, thyroid enlargement, thyrocyte hypercellularity, and thyrocyte intrusion into the follicular lumen. The results suggest that the aberrant expression of major histocompatibility complex class II molecules on cells that express a native form of the TSHR can result in the induction of functional anti-TSHR antibodies that stimulate the thyroid. They additionally suggest that the acquisition of antigen-presenting ability on a target cell containing the TSHR can activate T and B cells normally present in an animal and induce a disease with the major features of autoimmune Graves.
Graves disease: stimulating TSHR antibodies, thyrotropin binding inhibiting immunoglobulins, which are different from the stimulating TSHR antibodies, increased thyroid hormone levels, thyroid enlargement, thyrocyte hypercellularity, and thyrocyte intrusion into the follicular lumen. The results suggest that the aberrant expression of major histocompatibility complex class II molecules on cells that express a native form of the TSHR can result in the induction of functional anti-TSHR antibodies that stimulate the thyroid. They additionally suggest that the acquisition of antigen-presenting ability on a target cell containing the TSHR can activate T and B cells normally present in an animal and induce a disease with the major features of autoimmune Graves.
Numerous attempts (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) to develop a Graves disease (GD) model by immunizing animals with the extracellular domain of the thyrotropin receptor (TSHR) have largely failed. In most cases, antibodies to the TSHR that could inhibit thyrotropin (TSH) binding and, in some cases, thyroiditis with a large lymphocytic infiltration were produced (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . However, in no case did the immunization produce thyroid-stimulating TSHR antibodies (TSHRAbs), which increase thyroid hormone levels, the hallmark of Graves, nor were the morphologic or histologic features of the disease induced: glandular enlargement, thyrocyte hypercellularity, and thyrocyte intrusion into the follicular lumen. Further, in most studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) , the antibodies that inhibited TSH binding were not shown to inhibit TSH activity mediated specifically by the TSH receptor, a feature characteristic of TSH binding inhibitory immunoglobulins (TBIIs) in GD (11) (12) (13) .
These studies depended on the ability of the animal to process the TSHR as an extracellular antigen, rather than as a receptor in a functional state on a cell. They did not take into account the possibility that the TSHR might be presented to the immune system as a result of abnormal major histocompatibility complex (MHC) class I or class II expression on thyrocytes, thereby allowing normal immune tolerance to be broken. Thus, several studies have implicated class I as an important component in the development of autoimmune thyroid disease and in the action of methimazole, a drug used to treat GD (14) (15) (16) (17) (18) . In addition, aberrant class II expression, as well as abnormal expression of class I molecules, is evident on thyrocytes in autoimmune thyroid diseases (19) (20) (21) , although the cause and role of aberrant class II in disease expression remains controversial (22) . The sum of these observations raised the possibility that immunization with full-length TSHR, in a functional conformation but in the context of abnormal MHC class I or class II expression, might lead to the development of GD.
To test the possibility that abnormal MHC expression, as well as a functional, full-length TSHR, might result in a Graves-like disease, we transfected full-length human TSHR (hTSHR) into murine fibroblasts with or without aberrantly expressed class II antigen. We report here that mice immunized with fibroblasts expressing a class II molecule and holo-TSHR, but not either alone, can develop the major features characteristic of Graves (1-10): thyroid-stimulating antibodies directed against the TSHR, increased thyroid hormone levels, an enlarged thyroid, and thyrocyte hypercellularity with intrusion into the follicular lumen. The mice additionally develop TBIIs, which inhibit TSH-increased cAMP levels in Chinese hamster ovary (CHO) cells stably transfected with the TSHR and appear to be different from the stimulating TSHRAbs, another feature of the humoral immunity in GD.
MATERIALS AND METHODS
Fibroblasts and Transfection of the TSHR Gene. A murine L cell fibroblast line, which expresses a hybrid gene containing Aq and Ad of murine MHC class II (RT4.15HP ¶), was kindly provided by R. N. Germain (National Institute of Allergy and Infectious Diseases, National Institutes of Health). The A3 determinant is membrane proximal and was shown not to be associated with antigen presentation (23)-i.e., this shuffled I-Ak molecule is not different from I-Ak in antigen presenting activity. The cloning and characterization of the hTSHR was reported previously (24) . After subcloning into a pSG5 vector (Stratagene), the hTSHR was transfected into RT4.15HP cells together with pMAMneo (CLONTECH) using Lipofectin (GIBCO/BRL), as described by the company. Class IIuntransfected fibroblasts (DAP.3) were also transfected with hTSHR and pMAMneo. Cells were selected for neomycin resistance using 500 ,tg of G418 per ml (GIBCO/BRL); stable transfectants were selected by their ability to increase cAMP ,ul of low sodium isotonic HBSS (8 mM Na2PO4/1.5 mM KH2PO4/0.9 mM CaCl2/222 mM sucrose) containing 0.5 mM 3-isobutyl-1-methylxanthine, 0.1% glucose, and 1% bovine serum albumin. After.a 3-hr incubation at 37°C, supernatants were collected and cAMP was measured with a commercial radioimmunoassay kit (Yamasa, Chiba, Japan). The ability of the IgG to inhibit TSH activity was measured using the same incubation conditions and hTSHR-transfected CHO cells, except that 10 microunits of bovine TSH per ml was present with each IgG. IgG was obtained from the sera of pairs of animals within each experimental group to overcome technical problems related to obtaining sufficient serum for all measurements in this report.
Flow Cytometry Analysis of Transfectants. Fibroblasts (106 cells) were incubated with 1 ,ug of monoclonal anti-I-Ak (MHC class 1I-specific) or anti-Dk (MHC class I-specific) antibodies ratories), then analyzed by flow cytometry on a FACScan Cytometer using CELLQUEST software (Becton Dickinson).
RESULTS
When a murine MHC class II-transfected fibroblast cell line, RT 4.15HP, or its class 1I-untransfected control counterpart, DAP.3, was transfected with human TSHR, both expressed the receptor in a functional array, exhibiting similar TSHincreased stimulation of the cAMP signal system (Fig. 1) . Flow cytometry analysis showed that hTSHR-and control vectortransfected RT 4.15HP cells expressed comparable levels of class II molecules on their cell surface, whereas hTSHRtransfected DAP.3 control cells exhibited no surface expression of class II antigen (Fig. 2) . Moreover, flow cytometry analysis showed that the transfection procedures did not result in different levels of class I expression, which were similar in all cells (Fig. 2) Serum triiodothyronine values in mice have been suggested to be highly variable (26) ; nevertheless, we measured these in some experiments. When measured, serum triiodothyronine levels were significantly increased (P < 0.01) in parallel with the increased T4 levels. For example, triiodothyronine was 280 ng/dl in a mouse with high serum T4 levels in experiment 1 (Table 2) ; this was significantly higher (P < 0.01) than the mean level of 60 ± 10 ng/dl in normal animals or in animals who were immunized but did not exhibit increased T4 levels in the same experiment. We additionally evaluated the mean increase in T4 levels by comparison to preimmune values in one experiment (experiment 2; Table 2 ). T4 values in mice immunized with TSHR-transfected RT4.15HP fibroblasts were significantly increased (P < 0.01) in comparison to preimmune measurements in the same animals: 12.3 ± 2.6 versus 2.4 ± 1.0 (mean ± 2 SD). The development of increased thyroid hormone levels did not correlate with the development of TBII activity nor the TBII level ( Table 1) .
The thyroid glands of mice with high serum T4 showed marked hypertrophy (Fig. 3A) and exhibited thyrocyte hyper- Table 1 . E (magnification, cellularity with intrusion into the follicular lumen ( Fig. 3 B and  C) . There was minimal immune cell infiltration, typical of GD rather than thyroiditis (27) . All mice immunized with vectortransfected RT4.15HP cells expressing a class II antigen or DAP.3 cells transfected with hTSHR showed normal thyroid gland size and morphology (Fig. 3 D-F) . Similarly, in all hTSHR-transfected RT4.15HP-immunized mice whose thyroid hormone levels were not elevated, thyroid size and morphology were normal and no immune cell infiltrates were noted (data not shown).
Protein A-purified IgG from mice immunized with hTSHRtransfected RT4.15HP cells, who showed high serum thyroid hormone levels, had significant levels of thyroid-stimulating activity in cAMP assays, measured using CHO cells transfected with hTSHR (ref. 25 ; Fig. 4A, column c) . In contrast, IgG from mice immunized with hTSHR-transfected RT4.15HP cells, whose thyroid hormone levels were not elevated (Tables 1 and  2 ), exhibited no thyroid-stimulating activity (Fig. 4A, group b) , despite the presence of TBII activity in their sera (Tables 1 and  2 ). The development of increased thyroid hormone levels correlates, therefore, with the development of stimulating antibodies directed against the TSHR not TBII activity. IgG from mice immunized with vector-transfected RT4.15HP cells also had no thyroid-stimulating activity (Fig. 4A, group a) .
Animals with TBII activity (Tables 1 and 2) showed inhibition of TSH-induced cAMP levels in CHO cells transfected against the TSHR (Fig. 4B, column b as well as a) , a feature of TBIIs in Graves patients (11) (12) (13) . The ability to inhibit TSH-induced increases in cAMP levels correlated with TBII rather than stimulating TSHRAb activity-i.e., TSHRAb with thyroid-stimulating and TBII activities are functionally distinct, consistent with studies of monoclonal TSHRAbs from Graves patients (28, 29) .
DISCUSSION
In these studies, -20% of all mice immunized with fibroblasts containing the hTSHR in the context of aberrant class II expression developed features characteristic of Graves disease: stimulating TSHRAbs, increased thyroid hormone levels, TBIIs directed at the TSHR, and enlarged thyroids with thyrocyte hypercellularity and thyrocyte intrusion into the follicular lumen. The incidence is statistically significant (P < 0.05) in comparison to controls, and was replicated in multiple experiments (Tables 1 and 2 ). Most of the remaining mice developed TSHRAbs characteristic of Graves TBIIs-i.e., having the ability to inhibit TSH-increased cAMP levels; this incidence is statistically significant by comparison to the control group at P < 0.01. These features were not duplicated in mice immunized with control fibroblasts expressing the TSHR alone or expressing aberrant MHC class II alone.
Previous studies in which mice were immunized with the soluble extracellular domain of TSHR, either baculovirusproduced and glycosylated or prokaryotic in origin, largely failed in their intent to produce a model of Graves-disease amenable to study the pathophysiology of this disease process (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Thus, even if TBII activity was detected in these studies, in most cases, the activity was not shown to reflect the existence of an antibody against the TSHR in TSHRtransfected cells (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Similarly, there were no histological findings of thyrocyte hypertrophy together with increased serum thyroid hormone levels in any of these studies, only thyroiditis in some. Most important, in no case were stimulating TSHRAbs produced that could cause 4 . Ability of IgG from immunized mice to increase cAMP levels (TSAb activity; left column) or to inhibit TSH-increased cAMP levels (thyrotropin stimulation blocking antibody: TSBAb activity; right column). Because only small amounts of serum could be obtained from individual mice, the sera from two mice were pooled and the IgG was purified on a protein A-Sepharose column. The data presented were obtained from mice an IgG pool from the following mice: (column a) mice nos. 37 and 38, vector-transfected RT4.15HP-immunized mice whose TBII and T4 levels were within normal limits; (column b) mice nos. 11 and 13, also immunized with hTSHRtransfected RT4.15HP cells but with normal serum T4 levels despite positive TBII activity; (column c) mice nos. 2 and 3, immunized with hTSHR-transfected RT4.15HP cells showing elevated serum T4 levels and positive TBII activity. Data are shown as mean of duplicate determinations. These data were duplicated by multiple different pools (>10) of IgG from comparable animals in the groups in columns a and b. Comparable positive levels of stimulating TSHRAb activity were measured in mice nos. 4 and 5 from Table 1 and in two mice with high T4 levels in each of the experiments in Table 2. context of an aberrantly expressed MHC antigen, can induce an immune disease with major features of GD: stimulating TSHRAbs, TSHRAbs that inhibit TSH binding and activity, increased thyroid hormone levels, thyroid enlargement, and thyrocyte hypercellularity.
Increased iodide uptake is an important component of Graves disease, as are suppressed TSH levels. These measurements should be made, along with free triiodothyronine and T4 levels, basal and after disease development, in future studies that would complete the characterization of the model. Analysis of skin, hair, and pulse changes as a function of time should also be pursued. Monoclonal stimulating autoantibodies isolated from immune cells of the afflicted animals must be shown to cause the hyperthyroxinemia and thyroidal enlargement to make the model incontrovertible. Nevertheless, the present study represents an advance that should help investigators better understand the pathophysiology of Graves disease and plan future studies.
Since the immunized mice have a normal complement of T and B cells, the mechanism by which this disease develops must involve the breaking of normal immune tolerance. The mechanism by which the antigen is processed by the normal immune cells, for example, the role of costimulatory molecules in the development of this immune response must be evaluated. However, recent work (30) There are several possible explanations why only -20% of mice develop stimulating TSHRAbs which caused hyperthyroidism, whereas most mice produced anti-TSHR antibodies detected by the TBII assay. First, these experiments were short-term, with a total of six immunizations, 2 weeks apart, before termination of the experiment. Longer time periods of observation may result in more animals with stimulating TSHRAbs and hyperthyroidism. Second, the low frequency of stimulating TSHRAb induction may be due to the use of human TSHR, which is a xenogeneic TSHR for mice. Anti-TSHR antibodies generated in these mice may preferentially recognize portions of the human TSHR that differ from the mouse TSHR (10) . Third, an alternative explanation may lie in the mouse strain we used. H-2S and H-2q have been reported to be high-responder strains in terms of their levels of anti-TSHR antibodies when immunized with soluble human TSHR (5) . This possibility would be consistent with the prevalence of certain HLA haplotypes (B35) in GD but not Hashimoto thyroiditis (31 (19) (20) (21) , its biological significance has never been systematically examined and shown to be a primary causative factor, rather than a factor secondary to cytokine production by invading immune cells (22) . A recent report by Sopedra et al. (33) , which showed the hyperinducibility of HLA class II expression in thyroid follicular cells from patients with GD, supports a possible role for class II molecules in the development of GD; our present data directly implicate aberrant class II expression as a potential causal factor in the development of stimulating TSHRAbs. Nevertheless, studies of 5'-flanking region cis regulatory elements of the class I and TSHR genes, together with their respective trans factors, suggest the importance of abnormal class I molecules in the expression of GD or other forms of autoimmunity (15) (16) (17) (18) and additionally indicate there are common elements in the class I and class II molecules (18) . These findings (15) (16) (17) (18) indicate that both class I and class II molecules are important in the development of GD. Variant models of the one described herein-i.e. with overexpressed class I or aberrant II, alone or both together, may clarify their respective roles. Thus, greater levels of class II expression in the fibroblasts may increase the frequency of stimulating TSHRAbpositive mice, or increased MHC class I expression, by transfection or a-interferon treatment of the fibroblasts, might enhance the frequency of stimulating TSHRAb-positive mice, since the class I molecule has been shown to be involved in the development of autoimmune diseases (15) (16) (17) (18) .
In summary, we present the novel result showing that aberrant expression of class II molecules on a cell containing a functional TSHR results in an immune response, mediated by the normal T-and B-cell population, which mimics the major features of anti-TSHR receptor autoimmunity expressed in Graves disease. This model may provide new insight into the pathogenesis of GD from the point at which immune tolerance is broken. The basis for the conversion of a target tissue to an antigen-presenting cell, possibly by abnormal expression of class I or class II as a result of the loss or attenuation of the activity of transcription factors normally suppressing these genes, for example, Y-box proteins, which regulate MHC class II and class I expression, is under separate investigation (18) .
